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ABSTRACT 
 
 Deep fat frying is a popular cooking technique, which involves immersion of foods in 
edible oil at high temperatures. An excessive fat consumption by humans has been linked to 
serious health diseases. Frying occurs at temperatures well above the boiling point of water and 
involves short time duration. Frying results in a rapid change in the quality of the food products. 
The transport mechanisms along with complex physico-chemical processes such starch 
gelatinization, protein denaturation, glass transition, phase change, food matrix deformation, etc. 
that occur during frying govern the final quality of the product. Due to fast paced and dynamic 
nature of the frying process, it is experimentally challenging to obtain information on transport 
mechanisms and account for microscale physical phenomena that affect the quality at 
macroscale. Limited information is available that explains the transport mechanisms during 
frying and their role in affecting the quality of the product.  
 Hybrid mixture theory (HMT) based multiscale modeling approach was employed to 
study transport mechanisms during frying of snack foods. Multiscale simulations studies on the 
frying of rice crackers and chicken nuggets provided useful information about the nature of 
transport in these two products of different nature. The heat and mass transfer equations were 
solved using the finite element method to obtain spatial and temporal profiles for moisture and 
oil content, rate of evaporation, temperature distribution, pore and gas pressures. Average 
absolute deviation (AAD) for the predicted and the experimental data was calculated for the 
model validation. Simulations were also used to predict the quality (texture and color) of 
products during frying. Rice crackers exhibited much higher values of coefficient of elasticity (in 
the order of 107 Pa) compared to the chicken nuggets (in the order of 105 Pa). Temperature inside 
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a rice cracker reached higher than 100°C in 10 s after the start of the frying process. Whereas, 
chicken nuggets meat core stayed below 100°C during frying and starch coating experienced 
temperatures greater than 100°C. The rice crackers exhibited positive values of gage pore 
pressure for the most part of the frying process. By comparison, pore pressure in the chicken 
nuggets remained below atmospheric pressure. Existence of negative pore pressure at the start of 
the frying appeared to be the reason of oil uptake. Kinetics equation for color change obtained 
from colorimetry experiments was coupled with simulations during post-processing to predict 
the color (L, a, b) as a function of frying time for chicken nuggets. Lightness value was around 
30 for frying at 175°C. Color was more yellow for lower frying temperatures, and redness 
increased with increasing frying temperature. HMT based model was suitable for simulating the 
heat and mass transfer mechanisms during frying. 
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NOMENCLATURE 
 
φ    porosity (dimensionless) 
 
!φ    material time derivative of porosity (s-1)  
εα   volume fraction of a phase 
 !ε
α   material time derivative of volume fraction of phase (s-1) 
 T     temperature (K) 
 Kα  permeability (m2) 
µα   dynamic viscosity (Pa.s) 
 β eˆα  mass exchange between two phases due to phase change (kg/m3s) 
ρα   density of phase α (kg/m3) 
ξ     evaporation rate constant (s-1) 
 
Cp
α  heat capacity of phase α (J/kgK) 
 Dα  diffusivity of fluid phase into the polymeric matrix (m2/s) 
 Dα ,β  diffusivity of one phase in another phase 
 Dw,o  diffusivity of wax in oil (m2/s) 
 N α  mixture viscosity (Pa.s) 
 E    modulus of elasticity (Pa) 
 aw   water activity (dimensionless) 
 p
α  physical pressure of phase α (Pa) 
λ    latent heat of vaporization (J/kg) 
 vs    velocity of solid phase for matrix expansion (m/s) 
 vα ,s  velocity of α fluid phase wrt solid phase (m/s) 
 kα   thermal conductivity of phase α (W/mK) 
 h     heat transfer coefficient (W/m2K) 
 hmv  mass transfer coefficient for vapor phase (m/s) 
 hmw  mass transfer coefficient for water phase (m/s) 
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 hmo   mass transfer coefficient for oil phase (m/s) 
 Rv    specific gas constant for water vapors (J/kgK) 
 Ra   specific gas constant for air (J/kgK) 
 Ww  moisture content (g water/g solids) 
 pc
α   capillary pressure (Pa) 
 
Rpore average radius of pores (m) 
θ       angle of contact (degrees) 
 M α  molecular weight (kg/mol) 
 xα     mole fraction 
ψ αβ   dimensionless quantity for Chapman-Enskog Theory 
 Sα    degree of saturation of phase α (dimensionless) 
 
Ds
Dt
  material time derivative of a variable with respect to velocity of the solid phase (s-1) 
∇     gradient operator (m-1) 
 j
s   jacobian operator for solid phase (dimensionless) 
Superscripts 
α   general representation of α phase 
β   general representation of a phase other than α 
a   air 
v   water vapors 
g   gas phase 
w  water phase  
o   oil phase 
s   solid phase 
Subscripts 
atm  atmosphere 
avg   average 
exp   experimental 
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eq     equilibrium 
i   initial 
max   maximum 
pred  predicted  
s   surface 
sat  saturated 
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CHAPTER 1 
INTRODUCTION 
 
 Ogden and others (2014) noted that more than one-third of adults and 17% of youth are 
obese in the United States. The individuals who are overweight (body mass index > 25) or obese 
(body mass index > 30) suffer from high risk of developing critical health conditions such as 
coronary heart disease, type 2 diabetes, hypertension, liver and gallbladder disease, and certain 
type of cancers (NIH 1998). World Health Organization (WHO) recommends that fat intake 
should not account for more than 30% of daily energy needs in order to avoid conditions of 
obesity (Swinburn and others 2004). According to the USDA (2002)’s report on Profiling Food 
Consumption in America, the fats and oils group (composed of added fats and oils) was listed as 
the top contributor (53%) to the total fat consumption in the US, followed by the meat, poultry, 
and fish group (35%). USDA Food Intake Surveys indicated that the consumption of high-fat 
snack foods and increased use of salad dressings to be the probable reason for high consumption 
of added fats and oils.  
 About 65% of the snack products in United States are deep-fat fried (Chen and Moreira 
1997). Fried snack foods such as potato chips (35%), potato fries (15%), chicken nuggets (20%) 
and doughnuts (25%) contain a considerable amount of fat on product weight basis (National 
Nutrient Database, United States Department of Agriculture). As a consequence of health 
concerns related to high-fat diets, consumers are moving towards healthier options and low-fat 
food products. Food companies are facing huge challenge of reducing fat in their products 
without compromising with taste. This research aimed at utilizing Hybrid Mixture Theory 
(HMT) based multiscale modeling in combination with experiments to better understand heat 
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and mass transfer related mechanisms (e.g., fat uptake) during frying of snack foods; and make 
use of computer simulations to optimize the frying process for desired quality parameters.  
 Deep fat frying involves submerging food in hot edible oil at a temperature well above 
the boiling point of water for a short time duration (Farkas and others 1996). The oil temperature 
during frying ranges from 170 to 220°C. Frying is a simultaneous heat and mass transfer process 
that results in a food product with a crispy outer surface and cooked interior.  
 During frying, the convective heat from oil causes an intense vaporization of the water in 
the food. Vapors escaping from pore spaces on the surface of food product for the fat to enter. 
Fluid (water, oil, vapor, air) transfer in the food material during frying is caused by concentration 
and pressure gradients. Moreira and others (1997) showed that in tortilla chips 20% oil uptake 
occurs during frying and the rest during cooling. The mechanism of fat uptake during frying is 
not fully understood as it depends on various factors such as nature of food material, capillary 
pressures, initial moisture content, shape and size, viscosity of oil, etc.  
 It is challenging to obtain the accurate information about transport mechanisms through 
experiments for a fast paced dynamic process such as frying. Due to limitations of the current 
experimental techniques in measuring oil content of fried foods in real-time, mathematical model 
combined with experimental methods can provide a valid tool to understand the frying 
mechanisms. 
 The transport processes taking place during frying of food materials exhibit a hierarchy 
of spatial scales (micro, meso, macroscale) that influence the overall quality of the product (Ho 
and others 2013). Biological materials such as foods, plants, etc. are systematic arrangement of 
building blocks (cell walls, water, salts, pores, micro capillaries, etc.) that extend from molecular 
to macroscopic levels. The solid matrix and the adsorbed fluids exist as separate phases at the 
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microscale. At mesoscale, homogenous mixture of solid matrix and adsorbed fluids together is 
represented as a particle. Particles along with bulk fluid phases (oil or water) make up the 
macroscale. Properties or behavior exhibited by the foods at macroscale (10−3–100 m) level under 
different processing conditions are dictated by the behavior of microscopic (10−6–10−3 m) 
entities.  
 In this study, Hybrid Mixture Theory (HMT) based multiscale model was employed to 
study the transport mechanisms during frying of rice cracker and chicken nugget. HMT is 
hybridization of upscaling approach combined with mixture theories based on thermodynamical 
principals applied to porous media such as foods and soils to study transport mechanisms and 
physical interactions between fluids and solid biopolymers (Hassanizadeh and Gray 1979; 
Bennethum and Cushman 1996; Singh and others 2003). In HMT approach, the microscale laws 
of conservation mass, momentum and energy balance are volume averaged to obtain equations at 
meso and macroscale. The constitutive theory is formulated at the macroscale, due to which 
properties such as viscosity, conductivity, diffusivity, etc. show up at the macroscale, and can be 
easily measured by designing macroscale experiments or using the data available in existing 
literature. At macroscale, restrictions are applied using the entropy inequality to obtain various 
relations that are thermodynamically viable (Takhar 2014). HMT based multiscale models have 
been successful in studying drying problems (Singh and others 2004; Takhar and others 2011). 
The long-term goal of this research was to utilize computer simulations to improve the 
quality of products and optimize the frying process. The specific objectives of this research are 
given were to formulate HMT based multiscale mathematical model based upon unsaturated 
transport equations of Takhar (2014) for deep-fat frying of rice cracker and chicken nugget; 
validate the mathematical model using experimental data; obtain spatial and temporal profiles of 
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moisture, oil, pressure, evaporation, temperature distribution, texture and color; explain the 
physical mechanisms responsible for oil uptake and predict the quality changes caused by 
transport mechanisms in fried foods.  
Chapter 2 discusses the HMT based multiscale frying model that was formulated using 
the unsaturated transport equations of Takhar (2014). The modeling equations presented in 
(Chapter 2) were used to study the transport mechanisms and thermomechanical changes during 
frying of rice crackers in Chapter 3. The solution of the frying model to predict transport 
mechanisms and quality changes during frying of breaded chicken nuggets are discussed in 
Chapter 4. The conclusions based on the comparison of transport mechanisms in rice cracker and 
chicken nugget are presented in Chapter 5. A review of the frying literature is included in 
Chapters 3 and 4. 
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CHAPTER 2 
HYBRID MIXTURE THEORY BASED TRANSPORT EQUATIONS FOR FRYING 
MECHANISMS 
 
2.1 TRANSPORT MECHANISMS DURING FRYING 
Problem description 
 During frying, convective heat from oil causes intensive vaporization of water in the food 
with vapors escaping to the oil. Oil penetrates into the product through pore spaces formed by 
evaporating water. Fluid phases comprised of liquid water, oil and gas (air-vapor mixture) move 
relative to the solid rice-cracker polymers. The model takes into account both concentration and 
pressure driven flow of fluids. Heat transfer takes place through conduction and convection. 
Major exchange of fluids and heat take place through the top surface of rice cracker slab with 
maximum area (length × width). Therefore, transport was simulated along the thickness as 
shown in Fig. 2.1. 
Assumptions 
 Various phases within a representative elementary volume were considered at thermal 
equilibrium. Large-scale variations in temperature from one point to the other were allowed. 
Rice cracker was assumed to have a constant volume and fully submerged in the oil during 
frying. The gas phase consisted of an ideal mixture of water vapors and dry air. The moisture 
content range was assumed to be moderate to neglect hydration stress (Wolfe and others 1986). 
The gravity effect over the fluid was neglected compared to the pressure and the concentration 
gradients. 
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Transport Model 
 The velocity ( vα ,s ) of a fluid phase (α = w,o,g ) relative to the solid phase is given by the 
generalized Darcy’s Law (Takhar 2014) 
 
vα ,s = −εα K
α
µ α
∇pα − εαDα∇εα − εα D
α
E N∇
!εα .
          
(2.1)
 
On RHS, the first term represents pressure driven flow, the second term represents concentration 
driven flow, and the third term is the mixture viscosity term responsible for time dependent 
resistance of polymers to fluid flow. The upscaled generalized mass balance equation (Takhar 
2014) for fluids is 
Ds (εαρα )
Dt +∇⋅(ε
αvα ,sρα )− ε
α
ε s
!ε sρα = β eˆα   
β≠α
∑ .                         (2.2) 
Here the first term is the mass storage term and the second term is the divergence term. The third 
term arises during derivation when material time derivative and velocity with respect to α phase 
are converted to the corresponding quantities with respect to the solid phase (Takhar 2014). On 
RHS, 
β eˆα   
β≠α
∑ is the source/sink term, which represents mass gained by the α  phase from other 
phases. This term accounts for evaporation/condensation that may occur in the food during 
frying or cooling.  
 Porosity equals the sum of volume fractions of oil, water and gas (φ = ε w + ε o + ε g ).
ε s = 1−φ and  !ε
s = − !φ  were used to replace and in (2.2) with φ and  !φ , respectively. Here dot () 
represents material time derivative with respect to the velocity of solid phase particle. 
 Next, the generalized Darcy’s Law (2.1) is combined with the mass balance equation 
(2.2) to obtain general transport equations for various fluids as follows 
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Water phase: 
 
!ε w − ∇ ⋅ ε w( )2 K
w
µ w
∇pw + Dw∇ε w + D
w
E N∇
!ε w⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
⎠⎟
+ ε w
!φ
1−φ = −
1
ρw
weˆ g
                     (2.3) 
Oil phase: 
 
!ε o − ∇ ⋅ ε o( )2 K
o
µ o
∇po + Do∇ε o + D
o
E N∇
!ε o⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
⎠⎟
+ ε o
!φ
1−φ = 0                                  (2.4) 
Gas phase: 
 
Ds (ε gρ g )
Dt − ∇ ⋅ (ε
g )2ρ g K
g
µ g
∇pg⎛
⎝⎜
⎞
⎠⎟
+
!φ
1−φ ε
gρ g = weˆ g
                (2.5) 
 The water and oil transport equations were solved for respective volume fractions. The 
gas phase equation was solved for the gas pressure (vv,g = − K
g
µg
ε g∇pg ). From Dalton’s Law of 
partial pressures, pg = pv + pa . Using ideal gas law, water vapor pressure ( pv ) was obtained 
from the density of vapors ( pv = ρ vRvT ). To calculate the density of vapors, the vapor mass-
balance and binary diffusion equations were used 
 
Ds (ε vρ v )
Dt − ∇ ⋅ ε
vρ vvv,s( ) + !φ1−φ ε
vρ v = weˆ g
                                  (2.6)  
where vv,s = vg,s + vv,g  and vv,g = − D
v,g
ρ v
∇ρ v . vg,s  is obtained from the second term of (2.5), as
vv,g = − K
g
µg
ε g∇pg .
 
 To account for porosity, the mass balance equation for solid phase was used: 
 
!φ − (1−φ)∇ ⋅v s = 0 .                          (2.7) 
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Using solid mechanics, ∇ ⋅v s can be related to the Jacobian, j s  (Eringen 1980), 
Ds j s
Dt = j
s∇ ⋅v s                           (2.8) 
The Jacobian can be expressed in the form of moisture content and the relation is specific to the 
product or process. 
 To calculate heat transport in the porous biomaterial, the following two-scale convection-
diffusion equation with phase change effects was used (Bear and Bachmat 1991): 
(ρCp )eq
∂T
∂t + (ρCp ) f v
f ,s ⋅∇T = ∇ ⋅ keq∇T( )− λ weˆ g
                               (2.9) 
where,  
(ρCp )eq = εαρα
α=s,w,o,g
∑ Cpα
 
(ρCp ) f = εαρα
α=w,o,g
∑ Cpα
 
v f ,s = εα
α=w,o,g
∑ vα ,s
 
 keq = εαkα
α=s,w,o,g
∑ .              (2.10) 
On LHS of (2.9), the first term represents energy storage and the second term represents energy 
convected by the moving fluids. The first term on RHS of (2.9) represents the conduction form 
of energy transfer and the second term represents a heat sink within the REV due to evaporation 
(or a heat source due to condensation). Heat sink/source term is further explained in the 
following chapters. 
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Fig. 2.1 Schematic diagram showing transfer mechanisms during frying of a rice cracker 
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CHAPTER 3 
MODELING MULTISCALE TRANSPORT MECHANISMS, PHASE CHANGES AND 
THERMOMECHANICS DURING FRYING * 
 
3.1 INTRODUCTION 
 Frying is a popular high temperature, short time cooking process to prepare numerous 
foods. During frying, the food is immersed into hot oil resulting in the moisture removal and the 
oil uptake. Transport of fluids (water, oil, gas) along with heat in a food matrix during processing 
drives the quality of fried foods. Understanding of transport processes can help build strategies to 
optimize the frying process and reduce the oil uptake. 
 Researchers have attempted to elucidate transport mechanisms through experiments; 
capillary pressure development in oil phase (Moreira and others 1997) and microstructural 
changes during frying (Moreno and Bouchon 2013). Some of the ways to reduce fat uptake 
include using edible hydrocolloid coatings on food surfaces (Lalam and others 2013); blanching 
or treating samples with NaCl before frying (Rimac-Brncic and others 2004) or employing 
vacuum during frying (Garayo and Moreira 2002). Besides, the involvement of multiphases 
experiencing unsaturated transport, complex interactions of various physico-chemical 
mechanisms occur during frying. Examples of these mechanisms include transitions such as 
glass-transition and gelatinization, phase-changes in water, matrix deformation, capillary 
pressure development, case hardening etc. These interactions make it difficult to obtain the 
insight into transport mechanisms through experiments alone. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  *	  	  Reprinted with permission from Elsevier (See Appendix B for documentation of permission to 
republish this material) 
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 Some single-scale mathematical models have been developed in the past with an effort to 
explain the physics of frying (Farkas and others 1996; Ni and Datta 1999). Recent mathematical 
models on frying, proposed the concept of distributed evaporation and pressure driven fluid flow 
(Halder and others 2007a; Ni and Datta 1999). Halder and others (2007a)’s transport equations 
used for modeling frying are based upon Whitaker (1998)’s volume averaging approach. We 
used an alternate formulation for modeling frying by solving the two-scale hybrid mixture theory 
based unsaturated transport equations of (Takhar 2014). HMT based models have been 
successful in studying drying (Singh and others 2004; Takhar and others 2011) and controlled 
release problems in the past (Cushman and others 2004a; Cushman and others 2004b). The 
developed equations take into account the thermomechanical changes in porous matrix during 
processing, which have not been included in the previous modeling studies. 
Rice cracker is a popular snack food in several Asian countries and is made from 
glutinous rice. Lack of amylose compared to amylopectin in endosperm causes quick expansion 
upon application of heat to produce a porous texture, hence making it conducive for frying 
operations (Noomhorm and others 1997). Rice cracker production industry has little information 
about reducing oil uptake during frying without compromising the taste, texture, and flavor 
(Maneerote and others 2009). 
 Objectives of this study were to formulate two-scale HMT based model for unsaturated 
transport of fluids and energy during frying of rice crackers; solve the model equations using 
finite element method to obtain spatial and temporal profiles of moisture and oil content, pore 
pressures, rates of evaporation and temperature; and to validate the frying model by comparing 
the predicted results with the experimental data for average moisture and oil content. 
Thermomechanical changes in rice cracker during frying in relation to transport processes were 
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also investigated by calculating the coefficient of elasticity across the cross-section of a rice 
cracker. 
3.2 MATERIALS AND METHODS 
3.2.1 Experimental procedures 
 Raw samples of rice crackers were prepared from glutinous rice with initial moisture 
content of 16% on wet-basis (wb) through process of hydration, crushing, steaming, kneading, 
chilling, cutting and drying (Maneerote 2009). Kneaded cake was cut into small pieces with 
approximate dimensions of 25 × 12.5 × 1.5 mm3. Raw rice cracker samples were fried in 
hydrogenated palmolein oil at 200°C and 220°C. Sample collection was done at every 20s with 
total time range of 0s (raw samples) to 140s. The moisture content, fat content, hardness and 
expansion ratio were determined using quantitative analysis.  
 Moisture content was determined by gravimetric method using the modified AOAC 
standard methods (950.46 and 934.01). Approximately 5 g of the fried rice crackers were ground 
with a blender and dried in an oven at 105 ± 1°C for 16 h. Fat content was determined by Soxhlet 
extraction technique following the modified AOAC official method 991.36 (AOAC 1996).  Fat 
was extracted in a Soxhlet apparatus with petroleum ether from dehydrated ground samples. 
Texture of the fried samples was measured using three point bending method with a wedge 
shaped probe in the Texture Analyzer (TA-XT2, Texture Technologies Corp., U.S.A.). Hardness 
was measured in terms of breaking strength.  The thickness of rice crackers was determined 
before and after frying using a Vernier caliper at five positions along the sample’s length.  
Detailed information about various experimental protocols is given in Maneerote (2009) and 
Maneerote and others (2009). 
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3.2.2 Simulation of transport mechanisms during frying of rice cracker 
Governing equations 	   HMT based equations (see Chapter 2) along with the equations given below (product 
dependent) were solved using finite element method to develop simulation for frying of rice 
cracker. 
 Jacobian can written as a function of water volume fraction ( vw ) using expansion ratio 
data from experiments (Maneerote and others 2009). 
 Phase change (evaporation/condensation) is a near-equilibrium phenomenon (Fang and 
Ward 1999) and occurs throughout the frying process. Evaporation (condensation) rate between 
two states of water (liquid and water) is addressed using the following equation,  
 
weˆ v= weˆ g= ξ ln
peq
v
pv
⎛
⎝
⎜
⎞
⎠
⎟ .                       (3.1) 
The above equation was developed using the continuum thermodynamics principles, which states 
that difference between Gibbs free energy of two different states drives phase change (Takhar 
2014). ξ  represents material and process dependent rate of evaporation constant. Rate of 
evaporation increases with increase in ξ (Halder and others 2007a). All the material coefficients 
and supporting relationships required to solve the governing equations are given in Table 3.1. 
Initial and boundary conditions 
 The oil volume fraction was taken as zero in the domain prior to frying. The rice crackers 
are densely packed before frying, due to which its gas content is expected to be minuscule. The 
initial volume fraction of gaseous phase was estimated inversely to be 0.03. The estimated gas 
volume fraction value was perturbed by ± 0.01, and found to cause less than ±4% deviation in 
the average moisture and fat content on dry basis. 
	   14	  
 ε i
g = 0.03  and  ε i
o = 0                                                  (3.2) 
The initial moisture content of rice crackers before frying was measured to be 0.19 g/g 
solids. The following equation was used to relate the moisture content of water with volume 
fractions  
 
ε i
w =
Ww,iρ
s 1− ε i
g − ε i
o( )
ρ w +Ww,iρ
s .                        (3.3) 
Using (3.2) and (3.3),  ε i
w  = 0.22 for (2.3). 
 pi
g = Patm  for (2.5),
 
ρi
v =
peq,i
v
RvTi
 for (2.6),                       (3.4) 
 φi = ε i
w + ε i
o + ε i
g  = 0.25 for (2.7) and  Ti = 298 K for (2.9).                                           (3.5) 
Neumann boundary conditions were employed for transport equations 
 Qmw = hmw(εoil
w − ε w )  for (2.3)                        (3.6) 
 Qmv = hmv (ρoil
v − ρ v )  for (2.6)                         (3.7) 
 Q = h(Toil −T )  for (2.9)                        (3.8) 
In previous modeling studies on frying, Dirchlet boundary condition has been used for the oil 
transport equation (Chen and Moreira 1997; Halder and others 2007a). Likewise in current study, 
the Dirchlet B.C. was calculated inversely as  ε s
o = 0.5 . Gas pressure (2.5) at the boundary is 
atmospheric pressure ( ps
g = Patm ).  Various supporting relationships for boundary conditions are 
given in Table 3.1. 
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Material properties of gas phase 
 The material properties are listed in Table 3.2. Properties of gas mixture include both 
water vapor and air. Chapman-Enskog Theory (Bird and others 2002) was used to calculate the 
properties of gas mixture as follows 
 
µ g = x
αµα
xβψ αβ
β=a,v
∑α=v ,a∑                          (3.9) 
 
k g = x
αkα
xβψ αβ
β=a,v
∑α=v ,a∑                        (3.10) 
 
ψ αβ = 1
8
1+ M
α
M β
⎛
⎝⎜
⎞
⎠⎟
−1
2
1+ µ
α
µβ
⎛
⎝⎜
⎞
⎠⎟
1
2 M β
M α
⎛
⎝⎜
⎞
⎠⎟
1
4
⎡
⎣
⎢
⎢
⎢
⎤
⎦
⎥
⎥
⎥
2
                   (3.11) 
where 
 
xv = p
v
pg
 and  xa = 1− xv . 
Chapman-Enskog theory is based on the kinetic theory of gases and takes into account the 
intermolecular forces. It can be used to calculate the viscosity and thermal conductivity of 
polyatomic gases and gas mixtures over a wide range of temperatures (Bird and others 2002).  
Numerical solution 
 The fluid and heat transport equations were solved using Comsol Multiphysics (Comsol 
Inc., Burlington, MA), a commercially available finite element software package. Mapped mesh 
was used to create 500 quadratic rectangular elements in 2-D symmetric rectangular rice cracker 
geometry (12.5 × 0.75 mm). PARDISO solver was employed with a time step size of 0.1s for 
obtaining the solution. Each simulation run took about 10 min to solve on an Apple Macbook Air 
with 2.13 GHz Intel Core 2 Duo processor system with 4GB random access memory. 
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3.3 RESULTS AND DISCUSSIONS 
 Spatial and temporal profiles of moisture, evaporation rates, temperature, pressure, oil 
uptake, and coefficient of elasticity during frying of rice cracker calculated using the finite 
element method are discussed below. 
Validation of model predictions 
 The moisture content ( Ww ) predicted using simulations at different spatial locations 
inside the rice cracker at each time point were averaged on volume-basis using the following 
equation 
 
Ww,avg =
Ww dV∫
dV∫                                   (3.12) 
Similarly, the average oil content was obtained on volume-basis. The average moisture and oil 
content were compared to the experimental data of Maneerote and others (2009) as shown in 
Figs. 3.1-3.4. The average absolute difference (
 
1/ n X pred , j − Xexp, j
j=1
n
∑ ) of about 2.5% for 
moisture content at two frying temperatures indicates good agreement between the experimental 
and predicted results (Figs. 3.1-3.2).  For average fat content, the average absolute difference is 
around 14% (Figs. 3.3-3.4). This level of accuracy was expected since diffusive/permeable 
properties of oil are not known precisely. In addition, the experimental values for fat content 
were expected to be higher than actual value of fat inside the product because a thin layer of oil 
formed on the surface of product during frying penetrates inside, when the samples are taken out 
of fryer for fat analysis (Dueik and others 2012; Chen and Moreira 1997). As discussed below 
frying simulations provided novel insights into the process mechanisms, which can help to 
optimize the process. 
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Moisture and vapor distribution 
 Spatial profile of water content (Fig. 3.5) presents information about distribution of liquid 
water inside rice cracker during frying. Under intensive frying conditions, water near the surface 
layers reduces rapidly, which later extends inwards towards the center as shown in Fig. 3.6. High 
evaporation rates were obseerved in 0.05 mm of layer near the surface for first 10 s of frying 
(Fig. 3.6). Liquid water moves towards the surface due to molecular diffusion, capillary and 
pressure driven flow. The liquid water that reaches the surface first evaporates and is then 
convected away. Rice cracker lost almost all its moisture in 40 s (Fig. 3.6).   
 Temporal curves for average moisture content (Fig. 3.1 and 3.2) also show that about 
99% of initial moisture content was lost in 20 and 40s during frying of rice crackers at 200° and 
220°C, respectively (Figs. 3.1 and 3.2). Moisture loss curves follow a classical drying profile for 
different temperature used in the frying process. As the temperature of frying increases, the 
moisture content for the same frying time decreases (Halder and others 2007b; Ni and Datta 
1999).  
The heat penetration from the surface toward inside of the rice cracker took place through 
conduction and convection resulting in evaporation of water. Initially, larger temperature 
difference between the oil and the surface results in higher evaporation rate. The spatial profiles 
for rates of evaporation (Fig. 3.6) show that it took 20 s for evaporation front to travel inwards 
resulting in highest uniform evaporation of 4 kg/m3s across the rice cracker. A large amount of 
water near the surface was lost in 40s, causing a reduction in evaporation rate near the surface. 
The region near the center depicted a higher evaporation rate than the surface by 40 s. Once most 
of the water was evaporated in the product (60-140 s), evaporation rates decreased to 
significantly smaller magnitudes (<10-3 kg/m3s). 
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Temperature distribution 
 Fig. 3.8 shows the temperature kinetics inside rice cracker during frying. Heat transfer 
occurred due to conduction and convection. In 5s, the surface temperature rose to 75°C, while 
the center of rice cracker was at 50°C (Fig. 3.7). The main reason for the sudden rise in 
temperature near surface during the early stages of frying was evaporation, which also later 
contributed towards temperature increments in interior regions of rice cracker. After majority of 
water was lost during first 20s of frying, the solid phase’s lower heat capacity (1200 J/kg K) as 
compared to water (4500 J/kg K at 200°C) caused an increase in the overall temperature of the 
product. Similar phenomenon was observed during frying of potato slice, for which the crust 
region gained heat faster than the core due to its lower moisture content (Halder and others 
2007b). The center of rice cracker approached the oil temperature (200°C) in 60s. 
Pressure profiles 
 Past research established that oil uptake is a pressure driven phenomenon mediated by 
capillary forces (Bouchon and Pyle 2005b). Oil uptake has been defined as a surface 
phenomenon where oil uptake takes place during post frying cooling due to decrease in pressure 
within the pore spaces caused by vapor collapse (Moreira and others 1997).  Therefore, 
prediction of pressure inside the rice crackers during frying becomes important from the 
perspective of understanding the oil uptake phenomenon. In present study, the pore pressure was 
calculated using  
ppore = S
w pw + S o po + S g pg  (Ehlers and Bluhm 2002). The pore pressure 
describes the collective effect of pressure due to various fluids on the solid walls of the porous 
matrix. Fig. 3.9 shows gage pore pressure distribution inside the rice cracker at different frying 
times. Predicted gage pore pressure values at the center and near the surface of rice cracker as a 
function of frying time are presented in Fig. 3.10. Existence of negative pore pressure inside the 
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rice cracker during early stages of frying (1-5s) was observed (Fig. 3.9-3.10). Maximum positive 
pore pressure values were obtained across the rice cracker at 10s after the start of frying (Fig. 
3.9). This was because of the vapor pressure build up inside the cracker due to rapid evaporation 
of water. The pressure rises with evaporation and attains a maximum value at the evaporation 
front (Ni and Datta 1999). As evaporation slowed down with time, pressure buildup reduced and 
approached atmospheric pressure (20-140 s). Pore pressure near the surface was higher as 
compared to the center of the rice cracker at all times during the frying process (Fig. 3.10). The 
difference in the pore pressure during negative pressure period results in pressure gradient across 
the rice cracker, which could result in oil uptake during frying. Gage pore pressure inside the rice 
cracker varied between -20 to +15 kPa. Physical pressure values of the same order of magnitude 
have been observed during frying experiments with potatoes and chicken nuggets (Sandhu and 
others 2013). The capillary pressure of water is expected to have caused negative pore pressure. 
When the moisture content becomes low, the capillary pressure becomes large. This makes water 
pressure negative because p
w = pg − pc . The negative water pressure causes negative pore 
pressure. Thus, lowering the magnitude of negative pore pressure may help to reduce oil uptake. 
This may require changing the hydration characteristics of rice polymers. The time the rice 
crackers are subjected to negative pore pressure can also help to reduce oil uptake as discussed in 
the next section. 
Oil uptake in rice cracker 
 Oil uptake is a major concern in the frying industry due to its effects on human health. 
Oil uptake affects the crispiness and flavor of fried products. Fig. 3.7 presents distribution of oil 
uptake inside the cracker at various time points during frying. During frying, oil gradually 
penetrated from the surface towards the center of the cracker. It has been reported in the past 
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literature that the evaporating water generates the gas pressure inside the products, which resists 
the oil penetration (Esturk and others 2000; Mellema 2003; Ngadi and others 2007; Sandhu and 
others 2013). However, the existence of negative pore pressure gradients across the sample 
cross-section has not been discussed. The negative pressure gradients could result in oil uptake 
as discussed in the previous section. During the frying process, most of the water evaporated by 
20 to 40 sec (Fig. 3.1 and 3.2). Simulations indicated that the oil kept moving inside the cracker 
after 20 sec, when water content became low. There was not much difference in the oil uptake 
when rice crackers were fried at higher temperatures (Fig. 3.3 and 3.4). Since, water content is 
significantly reduced after 40 s, it is important to not fry rice crackers for time longer than 40 s as 
the oil will keep penetrating the samples. As discussed in next section, mechanical rigidity also 
reaches its peak in 40 s, which is expected to cause crispy texture desired for rice crackers. 
Coefficient of Elasticity 
 Coefficient of elasticity was predicted using simulations across the rice cracker cross-
section to understand structural development (Fig. 3.11). During early stages of frying (until 20 
s), elasticity coefficient followed a bell curve with increasing and decreasing slope as a function 
of thickness length (surface to center). Peak value for coefficient of elasticity refers to the 
location of maximum rigidity at a particular frying time. From 20 s onwards, the elasticity 
coefficient increased with a distance to a maximum value of 10.9×106 Pa and remained constant. 
The reason for the variability in the coefficient of elasticity seems to be the loss of moisture, 
which caused rice cracker to become rigid. Strong correlation has been observed between 
moisture loss and structural development (Pedreschi and Moyano 2005). Maximum coefficient 
of elasticity of magnitude 10.9×106 Pa was attained at 40 s, which also corresponds to be the 
time for 99% moisture removal.  
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Fig. 3.1 Comparison between predicted and experimental values of average moisture content of 
rice crackers during frying at 200°C 
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Fig. 3.2 Comparison between predicted and experimental values of average moisture content of 
rice crackers during frying at 220°C 
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Fig. 3.3 Comparison between predicted and experimental values of average oil content of rice 
crackers during frying at 200°C 
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Fig. 3.4 Comparison between predicted and experimental values of average oil content of rice 
crackers during frying at 220°C 
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Fig. 3.5 Spatial distribution of water inside rice cracker during frying at 200°C  
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Fig. 3.6 Spatial distribution of evaporation rate inside rice cracker during frying at 200°C 
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Fig. 3.7 Spatial distribution of oil inside rice cracker during frying at 200°C 
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Fig. 3.8 Spatial distribution of temperatures inside rice cracker during frying at 200°C 
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Fig. 3.9 Spatial distribution of gage pore pressure inside a rice cracker during frying at 200°C 
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Fig. 3.10 Gage pore pressure at the center and near surface (0.1 mm below the surface) in rice 
cracker during frying at 200°C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-25000 
-20000 
-15000 
-10000 
-5000 
0 
5000 
10000 
15000 
20000 
0 20 40 60 80 100 120 140 
G
ag
e 
Po
re
 P
re
ss
ur
e 
(P
a)
 
Frying time (seconds) 
Frying Temp. 200°C 
Center&
Near&Surface&
	   31	  
 
 
 
Fig. 3.11 Spatial distribution of coefficient of elasticity inside the rice cracker during frying at 
200°C 
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Table 3.1 Material coefficients and supporting relations  
Relation Quantity Source 
Diffusivity  
(Dα ) 
 
K Eα
αµ  
(Achanta 1995) 
Capillary 
pressure ( wcp ) 
w g w
cp p p= − (Pa), 
( )377.5 0.185 10 ( 273.15)wcp T−= − × − ×  
 
3105
Sw +1×10
−4 −
1047 − 3.368ρ s
1.02− Sw
+149.8ρ s(1− Sw )
+52.35+168.4ρ s − 3150
1+1×10−4
⎛
⎝
⎜
⎜
⎜
⎜
⎞
⎠
⎟
⎟
⎟
⎟
 (Pa) 
 
(Kang and Chung 
2009) 
Capillary 
pressure ( ocp ) 
o g o
cp p p= − (Pa), 
2 cosoc
pore
p
R
γ θ= (Pa),  
poreR = 9×10
-6 m, θ = 38°, γ = 0.024 N/m 
(Oikonomopoulou 
and others 2011; 
Pinthus and Sam 
Saguy 1994) 
Vapor phase 
velocity ( ,v sv ) 
, , ,v s g s v g= +v v v  , 
,
,
v g
v g v
v
D ρ
ρ
= − ∇v (m/s) 
(Bird and others 
2002) 
Jacobian ( sj ) 
( ) 10.226 5.3044
(1 )
w w
s
sj f
ε ρε
ρ φ
⎛ ⎞
= = − +⎜ ⎟−⎝ ⎠
 
(Maneerote and 
others 2009) 
Heat balance 
relationship , , ,
p p
s w o g
C Cα α α
α
ρ ε ρ
=
= ∑ , 
, , ,s w o g
k kα α
α
ε
=
= ∑  (Takhar 2014) 
Water vapor 
pressure ( veqp ) 
v
eq sat wp p a= (Pa), 
 
aw =
1− exp −100Ww( )1.632
(2.614×10−4 )(T − 273+ 25.538)
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
, 
 
psat = exp
− 6096.9385
T
+ 21.2409642− 0.271119
×10−1T + 0.1673952×10−4T 2
+2.433502log(T )
⎛
⎝
⎜
⎜
⎜
⎜
⎜
⎞
⎠
⎟
⎟
⎟
⎟
⎟
(Pa) 
 
(Perry and Green 
2008; Iguaz and 
Virseda 2007) 
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Table 3.1 Material coefficients and supporting relations (cont.)	  	  
Relation Quantity Source 
Mass transfer 
coefficient – 
water ( mwh ) 
,max max( ) ( )
wi w w
mw oil oil ih h T Tε ε ρ λ− = −   
using maxh = 1100 W/m
2K 
we get ,maxmwh = 0.59 m/s and mwh = 0.3 m/s 
(Halder and others 
2007a; Farkas and 
others 1996) 
Mass transfer 
coefficient -
vapor ( mvh ) 
mvh = 4.3 m/s (Halder and others 2007a) 
Heat transfer 
coefficient  
( h ) 
300                                          for 8s
8
(1100 300)( 8)                    for 8 70s
(70 8)
(1100 200)( 140)1100     for 70s
(140 70)
T t
th t
t t
⎧
≤⎪
⎪
⎪ − −= < ≤⎨ −⎪
⎪ − −− >⎪ −⎩
 
(W/m2K) 
(Hubbard and 
Farkas 1999) 
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Table 3.2 Material properties 
Parameter Value Source 
Density ( αρ ) kg/m3  
   Water 
   Oil 
   Solid 
Specific heat ( pC
α ) 
J/kg/K 
   Water 
   Vapor 
    
   Air 
    
   Oil 
   Solid 
Thermal conductivity  
( kα ) W/m/K 
   Water 
   Vapor 
   Air 
    
   Oil 
   Solid 
Dynamic viscosity  
( αµ ) Pa.s 
   Vapor  
   Air 
    
   Oil 
Permeability (Kα ) m2 
   Gas 
   Vapor 
Diffusivity (Dα ) m2/s 
   Water 
   Oil 
   Wax in Oil 
   Vapor in Gas 
Elasticity ( E ) Pa 
Specific gas constants 
( Rα ) J/kg/K 
   Vapors 
   Air 
Mixture viscosity  
( Nα ) Pa.s 
Latent heat of 
vaporization (λ ) J/kg 
 
 
838.46+1.4T-0.003T2+71×10-7T3 
1106.11-0.64T 
1513.36 
 
 
12010.14-80.40T+0.31T2-5.38×10-4T3+3.62×10-7T4 
13604.73-90.43T+0.277T2-4.21×10-4T3+3.18×10-7T4-
9.56×10-11T5 
1047.63-0.37T+9.45×10-4T2-6.02×10-7T3+1.28×10-
10T4 
761.40+3.477T+0.0011T2 
(1.202+0.0381×100×Ww/(1+Ww))×1000 
 
 
 
-0.87+0.0089T-1.58×10-5T2+7.975×10-9T3 
1.318×10-4+5.15×10-5T+3.89×10-8T2-1.368×10-11T3 
-0.0023+1.154×10-4T-7.90×10-8T2+4.118×10-11T3-
7.439×10-15T4 
0.192-2.06×10-4T+1.542×10-7T2 
(2.434×10-3)(100×Ww/(1+Ww))+0.3091 
 
 
-1.42×10-6+3.83×10-8T-3.852×10-12T2+2.101×10-15T3 
-8.38×10-7+8.357×10-8T-7.69×10-11T2+4.644×10-14T3-
1.06×10-17T4 
(0.1569×10-5)(e3108/T) 
 
1.01×10-13e-10.86Sw 
1×10-14 
 
 
1.52×10-6 
2.10×10-9 
3.5×10-10 
-2.775×10-6+4.479×10-8T+1.656×10-10T2 
3.58×106 
 
 
461.89 
287.05 
107(exp(−5.24(ε w + ε o )))   
 
2.26×106 
 
 
 
(Poling and others 2001) 
(Esteban and others 2012) 
(Maneerote 2009) 
 
 
(Zabransky and others 2001) 
(Poling and others 2001)  
 
(Poling and others 2001) 
 
(Zabransky and others 2001) 
(Haswell 1954) 
 
 
 
(Varganaftik 1975) 
(Varganaftik 1975) 
(Varganaftik 1975) 
 
(Varganaftik 1975) 
(Muramatsu and others 2007) 
 
 
(Poling and others 2001) 
(Poling and others 2001) 
 
(Santos and others 2005) 
 
(Feng and others 2004)  
(Maneerote 2009) 
 
 
(Maneerote 2009) 
(Maneerote 2009)  
(Correra and others 2007) 
(Nellis and Klein 2009) 
(Maneerote 2009) 
 
 
(Poling and others 2001) 
(Poling and others 2001) 
Adapted from (Achanta 1995) 
 
 
(Poling and others 2001) 
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CHAPTER 4 
TRANSPORT MECHANISMS AND QUALITY CHANGES IN CHICKEN NUGGETS 
DURING FRYING – HYBRID MIXTURE THEORY BASED MULTISCALE 
MODELING AND EXPERIMENTAL VERIFICATION 
 
4.1 INTRODUCTION 
 Deep fat frying is one of the oldest methods for cooking, providing unique flavor and 
texture preferred by the consumers. During deep-fat frying, food is submerged in an edible oil at 
a temperature well above the boiling point of water (150 – 220°C) for a short time duration 
(Farkas and others 1996). The convective heat from the oil causes an intensive vaporization of 
water in the food product with vapors escaping to the oil surface (Farkas and others 1996). As 
the water moves out, penetration of oil takes place into the pore spaces formed by evaporating 
water. Besides resulting in a tasty flavors and unique texture, fried foods contain high amounts of 
oil, reaching in some cases 40% of the total product weight (Gamble and others 1987). An 
excessive fat consumption has been linked to health diseases such as coronary heart diseases, 
cancer, diabetes and hypertension (Browner and others 1991).   
 Application of batters and breadings in fried foods is one of the effective strategies for 
reducing the fat absorption, controlling moisture migration, and developing nutritive profiles 
(Ballard 2003). Breadings and batters also cut down the cost of food product by 20 to 30% 
(Sasiela 2004). In the USA, consumption of chicken nuggets is highest amongst consumers in 
frozen fried chicken category (Experian 2014). Makinson and others (1987) showed fried fish 
with batters markedly retarded fat movement into the fish. Thermo-gels such as methylcellulose 
(MC) or hydroxypropyl methylcellulose (HPMC) are also used in coatings to lower moisture 
permeability and increase firmness (Lalam and others 2013; Mellema 2003).  
	   36	  
 The transport processes taking place during frying of a coated food material exhibit a 
hierarchy of spatial scales. The multiscale model will allow studying the interactions discussed 
above for the frying problem, thus providing an improved understanding into the physics of 
frying.  
 Multiscale modeling has not been used in the past studies on frying of breaded products 
or in products with an initial fat content. Mathematical models based on Whitaker (1998)’s 
volume averaging approach have been used in the past, to explain the physics of the frying 
process (Halder and others 2007b; Halder and others 2007a). Ngadi and Wang (2009) developed 
mathematical model to simulate heat and mass transfer in breaded chicken nuggets during deep-
fat frying. The model was single-scale, employed constant heat transfer and mass transfer 
coefficients, used constant numerical values for material properties and assumed the same values 
of diffusivities for fat and moisture in both core and coating regions. Most of the work done on 
deep-fat frying has been limited to non-fatty foods such as potato products or tortilla chips. 
Ateba and Mittal (1994) developed a single-scale model for simultaneous transport of fat, 
moisture and heat during deep-fat frying of meatballs having an initial fat content. Due to 
limitations of the current experimental techniques in measuring oil content of fried foods in real-
time, a physics based multiscale model combined with experimental methods provides a valid 
tool to understand the frying mechanisms. Recent study involved using non-destructive 
experimental technique to quantify fat and moisture in chicken nuggets using NMR imaging 
(Oztop and others 2014). NMR technique requires further improvements as calibration curves for 
conversion of signal intensity to amount of fluid are still unavailable (see Appendix A).  
 The objectives of this study were to formulate HMT based multiscale mathematical 
model based upon unsaturated transport equations of Takhar (2014) for deep-fat frying of 
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chicken nuggets; solve the model equations using the finite element method to simulate transport 
mechanisms in chicken nuggets during frying; validate the frying model using experimental data 
for average moisture content and temperature; to obtain the spatial and temporal profiles of 
moisture, rate of evaporation, temperature distribution, oil, pore pressure, gas pressure, 
coefficient of elasticity and color changes from simulations; and utilize the model to explain the 
possible reasons for oil uptake and quality changes during frying of chicken nuggets.  
4.2 MATERIALS AND METHODS 
 This section is divided into two parts. The first part describes the experimental 
procedures for sample preparation, frying experiments, moisture and fat content determination, 
temperature and pressure measurement, and colorimetry. The second part discusses the transport 
modeling equations solved for chicken nuggets during frying. 
4.2.1 Experimental procedures 
Sample preparation – par fried chicken nuggets 
 Chicken nuggets were prepared at a commercial food processing plant using boneless 
skinless chicken meat (breast and thigh), batter, and breading ingredients. The batter (No. 
G4113) and breading (No. G3684) ingredients were obtained from Kerry Inc., Beloit, WI. 
Uncooked chicken meat constituted of breast meat (48%), boneless thigh meat (42%), water 
(9.1%), salt (0.5%) and phosphate (0.4%). Ground chicken mixture was frozen and passed 
through the die system to make chicken patties. Pre-dust, batter and breading was applied on disc 
shaped chicken patties in a sequence. Batter pickup by the nuggets was less than 30%. The 
nuggets were par fried at 175 and 190°C for 26 to 30 s, respectively to stabilize the coating with 
regular soybean oil. Each chicken nugget had a diameter of about 48 mm and thickness of about 
20 mm. Par-fried nuggets were packed, labeled and frozen using blast freezer. The frozen 
samples were shipped overnight from the food processing facility to research lab at Texas Tech 
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University. The samples were then stored at -18°C during the course of experiments to prevent 
deterioration. Further details about sample preparation are given in Lalam (2011). 
Frying experiments 
 The nuggets were thawed at room temperature for 1 h before full frying experiments. The 
frying experiments were conducted with chicken nuggets in hydrogenated vegetable oil (Crisco 
Oil, Orrville, OH) at 175 and 190°C for 1, 2, and 4 min. A tabletop fryer (General Electric 
1800W, Arkansas City, KS) with an oil capacity of 3.6 liters was used for the frying 
experiments. Par fried nuggets were considered as the initial (0 s) sample for the computer 
model. 
Moisture and fat content determination 
 The moisture content of the core and crust samples was measured using vacuum-oven 
method by following the AOAC method (No. 934.01, AOAC, 1996). The fat content was 
measured by soxhlet extraction following the AOAC method (No. 991.36, AOAC, 1996). 
Detailed information about the moisture and fat content measurement experiments can be found 
in Lalam (2011). 
Pressure and temperature measurement 
 Experiments were performed to measure the physical gage pressure and temperature 
inside chicken nugget during frying to investigate the oil uptake mechanisms (Sandhu and others 
2013). During frying, both pressure and temperature were measured at the center of the sample 
and near the surface. The pressure was measured using a fiber optic pressure sensor connected to 
a data logger and a computer (FISO Technologies Inc., Quebec, Canada). The temperature inside 
the sample was measured using a thermocouple connected to a data logger (NI9600, National 
Instruments, Austin, USA). 
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Colorimetry 
 Colorimetery experiments were performed using a bench top LabScan XE colorimeter 
(HunterLab, Reston, VA) shown in Fig. 4.1. L (lightness), a (redness), b (yellowness) values 
were measured by averaging the values at three locations on the top and three locations on the 
bottom surfaces of the chicken nuggets. Three chicken nuggets were tested to obtained averaged 
values of L, a, and b for each frying time point. Polynomials were fitted to the experimental L, a, 
b values (see Table 4.2) and used during post-processing of transport simulations to estimate 
color as a function of frying parameters. 
4.2.2 Simulation - transport mechanisms in chicken nuggets during frying 
Problem description  
 Breaded products such as chicken nuggets are multi-domain heterogeneous products with 
varying physical and thermal properties that results in complex physical processes. Transport 
phenomena are largely dependent on the interaction of fluids with the solid biopolymeric 
matrices (wheat-based coating and meat core). The coating in the breaded products helps to 
prevent oil uptake (Lalam and others 2013). Major exchange of fluids and heat took place 
through the top and bottom surfaces of a chicken nugget with maximum circular area. Due to 
symmetry in shape, solution was obtained for one quarter of the geometry to save computation 
time. 
Assumptions 
 Various phases within a representative elementary volume were considered at local 
thermal equilibrium. Large-scale variations in temperature from one spatial point to another were 
still allowed. The chicken nugget was assumed to have a constant volume and fully submerged in 
the oil during frying. The gas phase was considered to be an ideal mixture of water vapors and 
dry air. The moisture content range was assumed to be moderate to neglect hydration stress 
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(Wolfe and others 1986). The effect of gravity on fluid flow was neglected in comparison to the 
pressure and the concentration gradients. 
Governing equations 
 HMT based equations (2.3) – (2.9) (see Chapter 2) along with the equations (product 
specific) given below were solved using finite element method to develop simulation for frying 
of multi-domain chicken nugget. 
 Jacobian in (2.8) was expressed as a function of water volume fraction using volumetric 
shrinkage data of Wang and others (2010) for fried chicken nuggets (see Table 4.1).  
 Phase change (evaporation/condensation) is a near-equilibrium phenomenon (Fang and 
Ward 1999) and occurs throughout the frying process. The evaporation (condensation) rate 
between two states of water (liquid and water) was addressed using the following equation,  
 
weˆ v= weˆ g= ξ(ρeq
v − ρ v ) .                       (4.1) 
The w eˆg  is the source/sink term; and is usually missing in single-scale equations. This term plays 
a crucial role in coupling water and gas (or vapor) phase mass balance equations in unsaturated 
theories because  weˆ g= − g eˆ w . ξ  (s-1) is a parameter that signifies the rate constant of evaporation 
(Halder and others 2007a). Its unit is the reciprocal of time and represents the time scale in which 
evaporation takes place. ξ  was estimated to be of the order of 1 for evaporation of pure water 
(Zhang and others 2005). ξ  is calculated inversely and a very high value makes the convergence 
of the numerical solution difficult. Sensitivity analysis was performed using different values of 
ξ  to understand the effect of evaporation constant on the moisture loss and is discussed in results 
and discussions section.  
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Initial and boundary conditions 
  Initial moisture and oil content were measured experimentally (Lalam and others 2013). 
Mass transport equations (2.3) - (2.4) include volume fraction of fluids as dependent variable. 
Initial gas volume fraction was chosen to be 0.06 (Adedeji and Ngadi 2011). Initial volume 
fractions values can be obtained from initial mass fractions using the following relations 
 
Ww =
ρ wε w
ρ s(1− ε w − ε o − ε g )  
and 
 
Wo =
ρ oε o
ρ s(1− ε w − ε o − ε g )
.         (4.2) 
By solving these  Ww  and  Wo  relations simultaneously for both core and coating, we obtain  
For chicken meat core:  ε i
g = 0.06,  ε i
w = 0.73,  ε i
o = 0.055          (4.3) 
For wheat-based coating:  ε i
g = 0.06,  ε i
w = 0.47,  ε i
o = 0.1          (4.4) 
Some other initial conditions are 
 pi
g = Patm for (2.5), 
 
ρi
v =
peq,i
v
RvTi
for (2.6),  φi = ε i
w + ε i
g + ε i
o for (2.7)               (4.5) 
For heat transfer equation (2.9),  Ti = 25°C for 175°C frying and  Ti = 20°C for 190°C frying 
simulations.                       (4.6) 
 The following Neumann boundary conditions were employed for various transport 
equations discussed above 
 
 
ρ wQmw = hmw(ρeq
v − ρoil
v )  for (2.3)             (4.7) 
 Qmo = hmo(ε
o − εoil
o ) for (2.4)                            (4.8) 
 Qmv = hmv (ρ
v − ρoil
v ) for (2.6)                    (4.9) 
 Q = h(T −Toil ) for (2.9)            (4.10) 
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Dirchlet boundary condition was used for gas pressure equations (2.5). The gas pressure at the 
boundary was assumed to be the atmospheric pressure ( ps
g = Patm ).  
 All the supporting relationships related to the governing equations and boundary 
conditions are given in Table 4.1. The thermo-physical properties of fluids and chicken nugget’s 
meat core and wheat-based coating are listed in Table 4.2. Chapman-Enskog Theory (Bird and 
others 2002) was used to calculate the properties of gas mixture. The gas mixture properties 
obtained from Chapman-Enskog Theory have also been discussed in a previous frying modeling 
study (see Chapter 3). 
Numerical solution 
 Transport equations were solved using a commercial finite elements software package 
Comsol Multiphysics v4.4 (Comsol Inc., Burlington, MA). Mapped mesh was used with 1800 
quadrilateral elements, 210 edge elements and 7 vertex elements with total mesh area of 2.4 × 10-
4 m2 for axisymmetric chicken nugget geometry. Fig. 4.2 shows the image of chicken nugget 
mesh obtained from Comsol Multiphysics. PARDISO solver was employed with a maximum 
time step of 0.1 s. Each simulation run took about 45 min to solve on an Apple MacBook Air 
with 2.13 GHz Intel Core 2 Duo processor system with 4GB random access memory. 
4.3 RESULTS AND DISCUSSION 
 The information on moisture loss, rate of evaporation, temperature distribution, pressure 
changes, texture and color as a function of spatial coordinates and time was extracted from 
simulations and is discussed below to explain the transport mechanisms and quality changes 
occurring during frying of chicken nuggets. 
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Model validation 
 To validate the model, predicted results were compared with experimental results for 
average moisture content and temperature data for chicken nuggets during frying. For 
experimental data, the average moisture content of meat core and starch coating was measured as 
a function of time (0, 1, 2, 4 min) for 175° and 190°C frying temperature by Lalam and others 
(2013). The temperature values were recorded using thermocouples at two locations (center and 
near-surface) inside the nugget during frying (Sandhu and others 2013). For predicted data, 
moisture content ( ) values as a function of spatial coordinates were volume averaged over the 
respective domains (core or coating) to calculate the averaged values at every 0.1 s during frying: 
 
Ww,avg =
Ww dV∫
dV∫ .                       (4.11) 
Frying simulations also provided the temperature values as a function of spatial coordinates and 
time during frying of chicken nuggets. The model was solved with evaporation constant (ξ ) 
value of 0.05 s-1 that was calculated inversely. The average moisture content and temperature 
values were also obtained at ξ  = 0.1 s
-1 to understand the effect of inversely calculated constant 
onto results (Fig. 4.3-4.4). A higher value of ξ  signifies more evaporation in the system. Also, 
the same order of magnitude for evaporation constant provided successful results for frying study 
on potato cylinders (Takhar 2014). The predicted data (at ξ  = 0.05 s
-1) of average moisture 
content and temperature were compared to the experimental data as shown in Figs. 4.3-4.4. The 
percent average absolute difference (AAD) (
 
1
n
X pred , j − Xexp, j
Xexp, jj=1
n
∑ ×100 ) was used to calculate 
the difference between predicted and experimental values.  
 Ww
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 For average moisture content, AAD is around 23% and 3% for coating and core, 
respectively for 175° and 190°C frying temperatures (Fig. 4.3). The AAD value of 23% in 
average moisture content data for wheat-based coating at two frying temperatures could be due 
to the scarcity of accurate information on diffusive properties of batter coatings which has also 
been noted by Mallikarjunan and others (2009). However, the predicted values for average 
moisture content in core are closer to the corresponding experimental results (2% AAD). The 
final moisture value in the coating at ξ = 0.1 s-1 is lower than the value at ξ = 0.05 s-1, implying 
higher evaporation resulted in lower final moisture. Whereas, values for moisture content are 
higher in the core at ξ = 0.1 s-1 because the evaporation front penetrated deeper at ξ = 0.1 s-1. 
Evaporation causes cooling and therefore, temperature data at higher value of ξ  resulted in 
lower temperature because more evaporation occurred in less time at ξ = 0.1 s-1. 
 AAD is around 25% and 32% for temperature data at the center of chicken nugget during 
frying at 175° and 190°C, respectively (Fig. 4.3). AAD is around 7% and 22% for temperature 
data at the near surface location in the chicken nugget during frying at 175° and 190°C, 
respectively (Fig. 4.4). The respective levels of deviation of simulation data from experimental 
data are expected, because of unavailability of accurate information on thermo-physical 
properties of materials at high temperatures. Thermal conductivity of the food material increases 
with moisture content and temperature. For this study, thermal conductivity values of minced 
meat and starch coating available in the literature were used and are valid for temperatures below 
100°C. Sensitivity analysis was performed to investigate the effect of variation in thermal 
conductivity (±20%) on the average moisture content (Fig. 4.3) and temperature data (Fig. 4.4). 
Higher thermal conductivity of coating and core resulted in higher transfer of heat through 
conduction, which implies that it will take less time for material to reach evaporation 
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temperatures compared to lower thermal conductivity. Therefore, higher thermal conductivity 
values resulted in lower values of moisture content (Fig. 4.3) and higher values of temperature 
(Fig. 4.4). The experimental temperature data was collected by puncturing chicken nuggets with 
a screw and then inserting the thermocouple (Sandhu and others 2013). It is also possible that 
there was some seepage of hot oil from outside surrounding through the hole where 
thermocouple was inserted, resulting in higher experimental values of temperature than expected. 
Nonetheless, the trends for predicted temperature data are similar to the experimental data.  
Moisture and vapor distribution 
 Fig. 4.5 shows quantitative distribution of liquid water inside a chicken nugget at 
different time points during frying at 175°C. It can be observed that the frying of chicken 
nuggets resulted in moisture loss in outer 6.5 mm layer of chicken nugget that comprised of 
coating layer of 2.5 mm and 4 mm layer of meat core (Fig. 4.5). In the coating, most of the bulk 
water is lost due to evaporation and transports toward surface in the first half of frying and the 
rate of moisture loss reduced suddenly after 120 s. The chicken meat core contains higher 
moisture than the starch coating, as a result the rates of moisture loss were not much affected 
until 180 s. These patterns of moisture loss are typical in breaded products (Ngadi and others 
2006; Mallikarjunan and others 2009). Frying of chicken nugget at 175°C for 240 s resulted in 
65% and 20% of moisture loss in the coating and core, respectively (Fig. 4.3).  
 During frying, vapors from evaporation of liquid water are convected away into oil and 
are observed in the form of bubbles on the oil surface. Heat penetrates due to conduction and 
convection, causing evaporation front to travel from near surface (coating) towards interior 
(core). Evaporation rate was calculated using  weˆ g  values in (2) (Fig. 4.6). Evaporation rate 
increased as the frying progressed. Evaporation rate is the highest (0.14 kg/m3s) at 120 s in the 
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coating (Fig. 4.6). Evaporation rates dropped after 120 s resulting in reduced moisture loss rate in 
the coating (Fig. 4.5). Singh (1995) also observed that the amount of water vapor expelled from 
the food decreases over time due to decreasing moisture content in the food. The evaporation 
front during frying was mainly limited to the coating region and extended partially into the meat 
core (Fig. 4.6). The movement of water from interior regions towards the outer regions also 
causes reduction in the moisture levels in the core. Similar phenomena was noticed during frying 
of potato crisps by Gamble and Rice (1987). Diffusion gradients between the dry and wet regions 
of the food as well as pressure gradient created by the evaporation of the inner moisture are 
responsible for moisture loss. After most of the moisture is lost near the surface region of 
coating, heat caused increase in temperature of the solid matrix resulting in formation of a dry 
layer, often referred to as crust in fried foods giving them a crispy texture (Ateba and Mittal 
1994). 
Temperature distribution 
 Fig. 4.7a shows the temperature distribution inside a chicken nugget during frying. 
Convective heat from oil causes evaporation near the surface region after food product is 
immersed into hot oil. Heat is further transferred to interior regions of food through conduction 
and convection.  
 At any given time point during frying, temperature values were higher near the surface 
region (coating) compared to temperatures in interior regions of the core. Temperatures 
increased across the chicken nugget with time as the frying progressed (Fig. 4.7a). The rate of 
temperature increase decreased as frying progressed due to decrease in the thermal gradient 
across the nugget that causes heat transfer. Throughout the frying process, temperature in the 
meat core stayed below 100°C (Fig. 4.7a). Temperature stayed below 100°C in the core because 
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it contains high amounts of moisture and boiling temperature of water is 100°C at atmospheric 
pressure. In comparison, the temperature were observed to rise above 100°C in the outer 0.5 mm 
layer of the coating at t = 30 s. Temperature became higher than 100°C because almost all the 
water was lost in outer region and most of the heat was absorbed up by the solid biopolymers 
with lower heat capacity (1400-2400 J/kgK) compared to water heat capacity (~ 4100 J/kgK). By 
the end of frying process, the entire coating region experienced temperatures higher than 100°C. 
Surface temperature of the product decreases after 120 s due to corresponding decrease in heat 
transfer coefficient as shown in Fig. 4.7b. The rigidity of crust that gives consumers the sense of 
crispiness, crispy nature of the product can be controlled by monitoring the region with 
temperatures higher than 100°C. 
Oil distribution 
 Oil uptake is a major concern in the frying industry due to its effects on human health. 
Fig. 4.8 shows the spatial profile for oil distribution inside the chicken nugget during frying. As 
frying proceeds, oil starts to penetrate through the porous surface of product. Depth of 
penetration of oil increased with time during frying (Fig. 4.8). Simulation results also show that 
most of the oil in the chicken nugget stays in the coating region of the nugget and there is very 
little oil penetration into meat core (Fig. 4.8). This also explains the function of coating to help 
prevent oil penetration into the core. The major factor resisting oil movement during frying into 
the product is the gas pressure buildup inside the product due to evaporation of liquid water that 
prevents oil from penetrating (Esturk and others 2000; Mellema 2003; Sandhu and others 2013; 
Takhar 2014). There is also some penetration of oil into the core, mainly near the interface of the 
coating and the core (Fig. 4.8). Another observation that can be made from Fig. 4.8 is that there 
is a slight dip in oil content curve in the core region for t ≥ 120 s. In the past study by Ateba and 
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Mittal (1994) on frying of meatballs, it has been proposed that products having an initial fat 
content exhibit two stages of fat transfer including fat adsorption and fat desorption. Foods 
which do not contain initial fat such as potato products do not exhibit fat desorption stage. 
Mallikarjunan and others (1995) also reported a similar phenomena. This dip in the oil content 
curve in the core (initially containing fat) during frying could be the result of migration of initial 
internal fat. It is also possible that water movement toward surface brought some fat along, 
which was also observed by Kusuma (2008). The possible reasons for oil uptake during frying 
are further discussed in the following section by using pressure profiles. 
Pressure profiles 
 In order to minimize the amount of oil in fried foods and develop healthy products, it is 
essential to understand the mechanisms of oil uptake. Oil uptake is a pressure driven phenomena 
mediated by capillary forces (Bouchon and Pyle 2005a). Moreira and others (1997) concluded 
that the major oil uptake takes place in post frying cooling stage due to a decrease in pressure 
within the pore spaces caused by vapor collapse. The resistance to oil uptake during frying is due 
to the gas pressure build up caused by evaporation process. Gas pressure development also 
restricts oil uptake in potato cylinders to near surface region during early stages of frying as 
mentioned in the previous section on oil distribution. The investigation of pressure gradients 
inside the chicken nugget using simulations can help to understand the potential reasons for oil 
uptake mechanism during frying.  
 From simulations, the pore pressure was calculated using:  
ppore = S
w pw + S o po + S g pg
(Ehlers and Bluhm 2002). The pore pressure represents the effective pressure inside the pore 
exerted by various fluids (oil, gas, water) on the walls of solid fiber matrix. Fig. 4.9 and 4.10 
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show pore pressure and gas pressure distribution, respectively inside the chicken nugget at 
different times during frying at 175°C for 240 s.  
 The pore pressure values inside the chicken nugget were below atmospheric pressure 
(Patm) in magnitude until 120 s (Fig. 4.9). In comparison, compact products with more rigid cells 
walls such as rice crackers or potato discs displayed regions of pore pressure higher than 
atmospheric pressure during frying (Bansal and others 2014; Sandhu and others 2013). The pore 
pressures less than Patm in chicken nuggets were caused by water pressure values lower than the 
gas pressure ( p
w < pg ) values of water phase. The water phase pressure can be written as
 p
w = pg − pc . The gas pressure ( p
g ) becomes positive and increases in the region of high 
evaporation and tends to follow the evaporation front inside the product (Fig. 4.10). But in 
chicken nuggets, the magnitude of capillary pressure remains higher than the gas pressure 
because the softer and more porous matrix has lesser ability to retain vapors than potatoes or rice 
crackers matrices. High capillary pressures for water-gas interaction is also because of increase 
in surface tension due to moisture loss. This results in low values ( < p
g ) of pressure for water 
phase. The low values of water pressure causes pore pressure to stay below Patm for the most part 
of frying of chicken nuggets and this finding is in agreement with the experimental data by 
Sandhu and others (2013). The magnitude of pore pressures (1.8×105 - 2.0×104 Pa) obtained 
through simulations (Fig. 4.9) are similar in magnitudes as obtained through experimentation 
(Sandhu and others 2013), unlike previous modeling studies. In most previous frying studies, oil 
uptake has been described primarily using the vapor pressure and oil phase capillary pressure. 
The numerical results in our study note that physical pressure in all phases and capillary pressure 
in both water and oil phase interplay to affect moisture loss and oil uptake. The combined effect 
of physical pressure in various phases is included in pore pressure, which represents matrix’s 
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potential to retain moisture and suck outside oil. The gas pressure in pores opposes oil 
penetration. 
 The pore pressure followed a similar trend as that of gas pressures across the nugget 
during frying (Fig. 4.10). During early stages of frying (0 – 30 s), sudden loss of water near the 
surface resulted in higher capillary pressure than gas pressure because of high surface tension 
resulting sudden drop in pore pressure near the surface region (Fig. 4.9). It is possible that the 
suction potential near the surface region at the start of the frying process could result in the 
movement of surrounding oil into the food matrix.  
Coefficient of Elasticity 
  The coefficient of elasticity values were calculated across the chicken nugget cross-
section to understand the structural development (Fig. 4.11). The coefficient of elasticity (E) is a 
measure of the rigidity of a sample. E is highest at the surface (2.5×105 Pa) for coating and at the 
interface (5.5×105 Pa) of coating and core. The E values increase as the frying proceeds. The 
region of rapid change in E coincides with the region of moisture loss (Fig. 4.5), which implies 
that moisture loss is the main reason for increase in hardness/crispiness. Moisture loss has a 
strong correlation with structural development of the product (Pedreschi and Moyano 2005). The 
changes in texture with meat temperature could also be affected by changes in the soluble 
protein, myofibrillar proteins, and connective tissue of the ground chicken meat patty (Murphy 
and Marks 2000). Dawson and others (1991) concluded that myofibrillar protein shortening 
during heating can be the reason for increase in toughness of chicken. 
Color parameters (L, a, b) 
 Heat and mass transport during frying cause physiochemical changes, which affect the 
color of the fried products (Krokida and others 2001). Colorimetery experiments were conducted 
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to obtain color parameters (L, a, b) at two different frying temperatures (175 and 190°C) at 
different time intervals (0, 1, 2, 4 min) (Fig. 4.12-4.13). Polynomials were fitted to the 
experimental data to obtain the expressions for color as a function of moisture content of coating 
at a particular frying temperature (see Table 4.2). These expressions were then used in the 
simulation program to obtain color values as a function of space and time during post-
processing. Fig. 4.14 shows the predicted color values (L - lightness, a - redness, b - yellowness) 
of a chicken nugget surface as a function of frying time for 175 and 190°C frying. Lightness 
decreased as the frying progressed. Lightness decreased at a higher rate for higher frying 
temperature (Fig. 4.14). Lightness value was around 30 for frying at 175°C and magnitudes 
match with lightness values for chicken nugget experiments performed by (Barbut 2013). Color 
was more yellow for lower frying temperatures, and redness increased with increasing frying 
temperature as shown in Fig. 4.14. Krokida and others (2001) also concluded that lower oil 
temperatures cause lighter, less red and more yellow color. 
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Fig. 4.1 LabScan XE colorimeter used to measure color values (L, a, b) 
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Fig. 4.2 Mapped mesh used for chicken nugget geometry to solve system of equation in finite 
element based commercial software package Comsol Multiphysics v4.4. X and Y-axis refers to 
the dimensions of the symmetric quadrant of chicken nugget in meters.  
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Fig. 4.3 Comparison between predicted and experimental values of average moisture content of 
chicken nuggets during frying at 175° and 190°C 
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Fig. 4.4 Comparison between predicted and experimental values of temperature (center and near-
surface) in chicken nuggets during frying at 175° and 190°C. Near surface location refers to the 
interface of chicken meat core and wheat-based coating.  
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Fig. 4.5 Spatial distribution of water inside a chicken nugget during frying at 175°C 
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Fig. 4.6 Spatial distribution of evaporation rate inside a chicken nugget during frying at 175°C 
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Fig. 4.7a Spatial distribution of temperature inside a chicken nugget during frying at 175°C 
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Fig. 4.7b Temperature at the surface of chicken nugget and heat transfer coefficient during 
frying at 175°C 
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Fig. 4.8 Spatial distribution of oil inside a chicken nugget during frying at 175°C 
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Fig. 4.9 Spatial distribution of pore pressure inside a chicken nugget at 175°C 
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Fig. 4.10 Spatial distribution of gas pressure inside a chicken nugget during frying at 175°C 
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Fig. 4.11 Spatial distribution of coefficient of elasticity inside a chicken nugget during frying at 
175°C 
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Fig. 4.12 Chicken nugget samples for colorimetry from 175°C frying  
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Fig. 4.13 Chicken nugget samples for colorimetry from 190°C frying 
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Fig. 4.14 Color values (L, a, b) of chicken nugget as a function of frying time 
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Table 4.1 Supporting relations for transport equations 
Variable Relation Source 
Diffusivity 
( Dα ) 
  
Kα E
µα  
(Achanta 1995) 
Capillary 
pressure ( pc
w ) p
w
c = pg − pw = 8.4 ×104Sw−0.63 (Pa) (Spolek and Plumb 1981) 
Capillary 
pressure ( pc
o ) p
o
c = pg − po =
2γ
Rpore
cosθ
 
(Pa) 
 
Rpore = 32×10
-6 m, θ = 38×2π/360 rad, γ = 0.024 N/m 
(Adedeji and Ngadi 
2011; Oikonomopoulou 
and others 2011; Pinthus 
and Sam Saguy 1994) 
Jacobian ( j s ) j s = f (ε ) = −0.1674(Ww,i −Ww )+1.02  Using (Wang and others 2010) data 
Mixture 
Viscosity ( N )  N = 0.8×10
−6 E / E  (Pa. s) 
Following Achanta 
(1995)’s method 
Water vapor 
pressure ( 
peq
v )  
peq
v = psataw (Pa),  aw = 1 1+1 exp ln(100 ⋅Ww p1) p2( )( )
, 
 
psat = exp
− 6096.9385
T
+ 21.2409642
−0.271119×10−1T
+0.1673952×10−4T 2
+2.433502log(T )
⎛
⎝
⎜
⎜
⎜
⎜
⎜
⎞
⎠
⎟
⎟
⎟
⎟
⎟
(Pa) 
(Perry and Green 2008; 
Lind and Rask 1991) 
Heat transfer 
coefficient ( h ) 
200/15×t   (W/m2K)                                          t<=15 s 
((1200-200)/(120-15)×(t-15)+200) (W/m2K)  15<t<120s 
(1200-(1200-200)/(240-120)×(t-120)) (W/m2K)  t>=120s 
As per Hubbard and 
Farkas (1999)’s method 
Oil transport –
mass transfer 
coefficient  
( hmo ) 
 hmo = Sh× D
o,o ′L  m/s,  Sh = 0.879Re
1
2 Sc
1
3  
 
Re =
Dρ ovoil
µo
, 
 
Sc = µ
o
ρ oDo,o
 
 
(Perry and Green 2008) 
Water mass 
transfer 
coefficient  
( hmw ) 
 hmw = hmv = 1.1−1.6 m/s 
Calculated as per 
(Halder and others 
2007a) 
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Table 4.2 Material properties 
 
Material Property                Value                                                                                                 Source 
Density ( ρα ) kg/m3     
Water                                      838.46+1.4T-0.003T2+3.71×10-7T3                                      (Poling and others 2001) 
Oil                                          1106.11-0.64T                                                                     (Esteban and others 2012) 
Solid – chicken meat core      1300                                                                                 (Kassama and Ngadi 2005) 
Solid – wheat-based coating  1330                                                                                       (Ngadi and Wang 2009) 
Specific heat (Cp
α ) J/kg/K 
Water                                      12010.14-80.40T+0.31T2-5.38×10-4T3+3.62×10-7T4      (Zabransky and others 2001) 
Vapor                          13604.73-90.43T+0.277T2-4.21×10-4T3+3.18×10-7T4-9.56×10-11T5 (Poling and others 2001) 
Air                                          1047.63-0.37T+9.45×10-4T2-6.02×10-7T3+1.28×10-10          (Poling and others 2001) 
Oil                                          761.40+3.477T+0.0011T2                                                                         (Zabransky and others 2001) 
Solid – chicken meat core     (3.2334+0.6240Ww-0.0863Ww2-0.0055(T-273))×1000       (Ngadi and Ikediala 1998) 
Solid – wheat-based coating   (1.398+0.0409 Ww×100/(1+Ww)) ×1000                                            (ASABE 2006) 
Thermal conductivity ( kα ) W/m/K 
Water                                      -0.87+0.0089T-1.58×10-5T2+7.975×10-9T3                                                      (Varganaftik 1975) 
Vapor                                    1.318×10-4+5.15×10-5T+3.89×10-8T2-1.368×10-11T3                                 (Varganaftik 1975) 
Air                                     -0.0023+1.154×10-4T-7.90×10-8T2+4.118×10-11T3-7.439×10-15T4         (Varganaftik 1975) 
Oil                                          0.192-2.06×10-4T+1.542×10-7T2                                                                                  (Varganaftik 1975) 
Solid – chicken meat core      0.0807+0.00235×(T-273)+0.121Ww-0.0139Ww2                                (Rahman 2008) 
Solid – wheat-based coating   0.39                                                                                    (Valentas and others 1997) 
Dynamic viscosity ( µα ) Pa.s 
Vapor                                   -1.42×10-6+3.83×10-8T-3.852×10-12T2+2.101×10-15T3             (Poling and others 2001) 
Air                             -8.38×10-7+8.357×10-8T-7.69×10-11T2+4.644×10-14T3-1.06×10-17T4  (Poling and others 2001) 
Oil                                          (0.1569×10-5)(e3108/T)                                                             (Santos and others 2005) 
Permeability ( Kα ) m2 
Gas                                         1.01×10-13e-10.86Sw                                                                          (Feng and others 2004)  
Vapor                                     1×10-14                                                                                                                                                 (Maneerote 2009) 
Diffusivity ( Dα ) m2/s 
Water in coating                    5.71×10-8                                                                                 (Nasari and others 2011) 
Oil in coating                         1.22×10-8 exp(-2.8+2×Wo)                                                   (Halder and others 2007a) 
Water in meat                        0.7×10-8                                                                                                        (Sun 2008) 
Oil in meat                             0.287×10-7                                                                               (Ateba and Mittal 1994) 
Wax in Oil                             3.5×10-10                                                                                 (Correra and others 2007) 
Vapor in Gas                         -2.775×10-6+4.479×10-8T+1.656×10-10T2                                      (Nellis and Klein 2009) 
Specific gas constants ( Rα ) J/kg/K 
Vapor                                      461.89                                                                                    (Poling and others 2001) 
Air                                           287.05                                                                                   (Poling and others 2001) 
Elasticity ( E ) Pa 
Core                                        8×104 Ww2 -5.5×105Ww+9.6×105                                         Measured using Dynamic  
Coating                                   3.8×105 Ww2-6.3×105Ww+2.7×105                                             Mechanical Analyzer 
Latent heat - vaporization ( λ ) 2.26×106 J/kg                                                                       (Poling and others 2001) 
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Table 4.2 Material properties (cont.) 
	  
Material Property                       Relation                                                                                              Source 
Color relationships    175°C          L value = -122.85 Ww2+202.42 Ww—17.91                                         
                                                       a value = 3.44 Ww-2.1 
                                                       b value= 78.91 Ww2-136.63Ww+91.96                       Obtained using experiments 
Color relationships    190°C          L value = -189.23 Ww2+299.32 Ww—51.77                                        (section 3.6) 
                                                       a value = 144.47 Ww2-239.36 Ww+102.22 
                                                       b value= -17.97 Ww2+49.83 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 CONCLUSIONS 
 HMT based multiscale simulations were successful in predicting the transport 
mechanisms and quality during frying of rice crackers and chicken nuggets. Higher frying 
temperatures resulted in greater loss of moisture for homogenous rice crackers. There was not 
any discernible change in the rate of moisture loss in chicken nuggets after increasing frying 
temperature from 175°C to 190°C. Evaporation was localized to the coating region for the most 
part of the frying in the chicken nuggets. While in rice crackers, evaporation occurred in the 
whole geometry. Temperature values in the center of the small-sized homogenous low moisture 
product (rice crackers) during frying became higher than the boiling point of water (100°C). 
Since, large-sized multi-domain products such as chicken nuggets containing high moisture 
compared to rice crackers did not experience temperatures greater than 100°C in the core. In 
homogenous rice crackers, oil absorption took place throughout the frying process and oil 
penetration increased with increase in frying time. Numerical results elucidated the role of 
physical pressure in various phases, capillary pressure and pore pressure on moisture retention 
and oil uptake. High gas pressure values during frying resisted oil penetration. A negative pore 
pressure value due to high capillary pressure imparted oil suction potential to the food matrix. 
The pore pressure trends were in agreement with experimental observations of Sandhu et al. 
(2013). In chicken nuggets, the interplay of gas pressure and pore pressure caused oil to 
penetrate only in the surface layers during frying. The surface oil may penetrate the inner layers 
during post-frying cooling stage. Thus, in order to reduce oil absorption during frying negative 
pressure should be avoided. The use of coating is helpful in reducing the oil uptake during 
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frying. The chicken nugget had the maximum rigidity at the interface of meat core and starch 
coating. Color was more yellow for lower frying temperatures, and redness increased with 
increasing frying temperature. 
5.2 RECOMMENDATIONS FOR THE FUTURE WORK 
 For the future work, the poroviscoelasticity based deformation theory can be incorporated 
into the multiscale model to account for the shrinkage or swelling of a food matrix during frying. 
Shrinkage is important in characterizing the structure of processed foods. Shrinkage is a common 
phenomenon for products during deep fat frying, which makes deep fat frying a moving 
boundary problem. Shrinkage is mainly caused by moisture loss, reduction of pores and protein 
denaturation (Wang and others 2010). Shrinkage influences the final quality of the product by 
altering the porosity of the product during thermal processing. Shrinkage is dependent on initial 
moisture content, composition and size of food material, type of drying and drying conditions 
like temperature and relative humidity (Moreira and others 2000; Rahman 2001; Wang and 
others 2010). Therefore, coupling unsaturated transport equations with mechanics of shrinkage 
and swelling would be beneficial in predicting the quality more accurately. Additional work is 
also needed in measuring heat and mass transfer coefficients and rate of evaporation in the food 
matrix during frying. Experimental techniques in measuring oil content during real time frying 
process would be very beneficial for improving the model validation and would provide a better 
understanding to the food industry on oil penetration. The boundary conditions during the post-
process cooling also need to be investigated. 
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APPENDIX A: USE OF MAGNETIC RESONANCE IMAGING TO QUANTIFY WATER 
AND FAT DISTRIBUTION IN CHICKEN NUGGETS 
 
 Magnetic resonance imaging (MRI) was utilized in collaboration with McCarthy’s group 
at UC DAVIS to determine the distribution of water and fat in fried chicken nuggets. MRI 
sequences - Diffusion Weighted Sequence (DWS) and Multi-Slice-Multi-Echo were used to 
obtain water and fat distribution in fried chicken nuggets.  
A.1 FRYING EXPERIMENTS 
 The chicken nuggets for this project were prepared at a commercial food processing 
company. The primary ingredients for the chicken nugget formulation were boneless chicken 
(breast and thigh meat), batter, and breading ingredients. Chicken nuggets were cylindrical in 
shape with diameter of 42 mm and thickness of 12.7 mm. Predust coating, batter and breading 
were applied to the chicken nuggets and were then par frying to stabilize the coating. Two 
different sets of chicken nuggets were prepared, one with methylcellulose (MC) coating in the 
predust formulation and other without MC coating. Coating type produced two treatments, one 
with MC coated chicken nuggets and other being control. Par fried samples of chicken nuggets 
were received from the processing plants and were fried in the pilot plant at 177 and 190 °C for 
1, 2 and 4 minutes. Par fried nuggets were considered as the 0 minute fried sample. The fried 
chicken nugget samples were then frozen and shipped to UC Davis where MRI experiments were 
conducted. The details about the MRI experiments can be found in Oztop and others (2014) 
paper. 
A.2 MAGNETIC RESONANCE IMAGES OF FRIED CHICKEN NUGGETS 
 MRI experiments were conducted at UC Davis and scans were received electronically. 
Images obtained using MRI for chicken nugget at different frying times were analyzed using 
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Matlab. Coronal images obtained using DSW are given in Fig. A.1. DSW technique is based on 
the differences between the apparent diffusion coefficients for water and fat. Each slice image 
corresponds to 3 mm of chicken nugget. Pixel size for each image is 128×128 with field of view 
of 60 mm. Fat and moisture content is function of signal intensity shown along the color map 
(Fig. A.1).  
 Values of signal intensity in MRI scan are proportional to moisture and fat content, 
respectively. In Fig. A.1, pixel with higher signal intensity pixels denote higher moisture or fat 
content. Plots (Fig. A.2 - A.3) of signal intensities as a function of chicken nugget 
thickness/depth were obtained by analyzing coronal MRI images at each time point using 
Matlab. However, extracting quantitative information of oil and water content requires 
calibration curves from samples of known water and fat contents. 
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Fig. A.1 MRI image showing coronal view of crust part of chicken nugget fried for 2 min at 
177°C 
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Fig. A.2 Signal intensity amplitude for moisture as a function of frying time at the coronal center 
in the core and the crust of chicken nugget 
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Fig. A.3 Signal intensity amplitude for fat as a function of frying time at the coronal center in the 
core and the crust of chicken nugget 
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